The article presents results of genotype (G) main effect and genotype by environment (GE) interaction (G × GE) biplot analysis of a multi environmental trial (MET) data in 17 varieties of spring barley conducted in 2013-2014. The objective of this study was to determine the effects of genotype, environment and their interaction on grain yield and to identify stable spring barley genotypes. The experimental layout was a randomized complete block design with three replications in each environment. Combined ANOVA indicated that the main effects due to environments, genotypes and genotype by environment interaction were highly significant. The contribution of environment, genotype and genotype by environment interaction to the total variation in grain yield was about 88.05, 3.61 and 7.54 %, respectively. The G × GE effects were further partitioned using a GGE biplot model. The first two principal components obtained by singular value decomposition of the centred data of yield accounted for 88.50% of the total variability caused by G × GE. Out of these variations, PC1 and PC2 accounted for 51.38% and 37.12% of variability, respectively. The first mega-environment contains environments E1, E3 and E4 with variety 'Donetskyy 15' producing the highest yield; the second mega-environment only contains environment E2 with variety 'Vzirets' being the most yielding. According to the biplot analysis of the "ideal" environment, it was concluded that E1 was the closest to the "ideal" environment and, therefore, the most desirable of all the test environments. GGE biplot view of this study identified the most productive and stable varieties -'Donetskyy 14', 'Kosar' and 'Alegro'. Variety 'Stepovyk' is noticeable for its maximum fidelity to the "ideal" genotype in terms of performance and stability.
Introduction
Ukraine is a leading exporter of barley grain in the world, but considerable year-to-year variations in barley grain production, which, in the first place, are due to significant susceptibility of modern varieties to environmental factors, are an essential challenge on the way to improving the country's positions in the global market.
The yield of each variety in any environment is a sum of environment (E) main effect, genotype (G) main effect and genotype by environment interaction (GE or GEI) (Farshadfar et al., 2013; Pourdad, Moghaddam, 2013) . Farmers need varieties that show high performance in terms of yield and other essential agronomic traits. Their superiority should be reliable over a wide range of environmental conditions and years. The basic cause of difference in the performance of genotypes over environments is the occurrence of genotype by environment interaction (Gedif, Yigzaw, 2014) . In barley breeding and in many aspects of barley research, the analysis of genotype by environment interactions is of primary importance, as it is also for other crops (Rodriguez et al., 2007; Jalata, 2011; Farshadfar et al., 2012) . The best tool for estimating G and GE effects is multi environment trials (METs). METs are an optimal method to select better genotypes for any specific environment and to identify genotypes that consistently realize their genetic potential in a wide range of environments.
Data from METs are usually quite large, and it is difficult to deduce general patterns of such data without graphical representation. Yan et al. (2000) developed the GGE biplot technique for graphical analysis of multi environment trial data. GGE biplot analysis considers that only the G and GE effects are relevant and that they need to be considered simultaneously when evaluating genotypes. The GGE biplot has therefore been used in crop variety trials to effectively identify the best-performing genotype across environments, to identify the best genotypes for mega-environment delineation, whereby specific genotypes can be recommended for specific mega-environments, and to evaluate the yield and stability of genotypes (Yan, Kang, 2003; Yan, Tinker, 2006) . The relative versatility of the GGE biplot, especially in mega-environment analysis and genotype selection, is worth exploiting for selection of genotypes for specific environments. More importantly, breeders will be able to identify stable genotypes with relatively consistent performance across a range of environments (Mohammadi, Amri, 2013; Mohammadi et al., 2014; Soto-Cerda et al., 2014) . Thus, the GGE biplot technique has become a powerful tool to estimate and visualize genotype by environment interaction, which is widely used by breeders and agronomists all over the world (Casanoves et al., 2005; Koutis et al., 2012; Hagos, Abay, 2013; Sagar et al., 2014; Agyeman et al., 2015) .
The objectives of this study were assessment of variations in yield performance of spring barley varieties across environments based on the GGE biplot and identification of the most valuable genotypes. Table 1 ). The climate in the forest-steppe zone (subzone of unstable precipitation) is temperate continental; the average annual rainfall is 550-600 mm; the mean air temperature is −6.6-−8°С and +19.5-+21.5°C during winter and summer season, respectively. The hydrothermal coefficient is 1.0-1.5, which is optimal for barley vegetation. Soils in the fields of the Institute of the Plant Production Institute, Kharkov are typical mediumhumic black-soil with a humus content of 4.1-5.3% and a humus horizon thickness of 0.6-0.8 m. The climate in the steppe zone (northern subzone) is temperate continental; the average annual rainfall is 425-450 mm; the mean air temperature is −6.0-−7.5°C and +21.5-+24.5°C during winter and summer season, respectively. The hydrothermal coefficient is 0.76-0.89, which is below optimal for barley vegetation. Soils at Donetsk State Experimental Station, Yasynuvatskyy distr. are common low-humic black-earth (regraded) with the humus content of 4.0-4.6% and the humus horizon thickness of 0.45-0.7 m.
Materials and methods
The experimental layout was a randomized complete block design with three replications in each environment.
Statistical analysis. The data obtained were analyzed using genotype and genotype by environment interaction (GGE) biplot. The model for the GGE biplot based on singular value decomposition (SVD) of first two principal components is:
where Y ij is the mean yield of genotype i in environment j, µ -the grand mean, β j -the mean yield of all the genotypes in environment j, λ l and λ 2 -the singular values (SVs) of the 1 st and 2 nd principal components (PC1 and PC2), ξ i1 and ξ i2 -the eigenvectors of genotype i for PCl and PC2, respectively, η j1 and η j2 -the eigenvectors of environment j for PCl and PC2, respectively, ε ij -the residual associated with genotype i in environment j. To generate a biplot that can be used in visual analysis of multi environmental trial (MET) data, the singular values have to be partitioned into the genotype and environment eigenvectors so that the above model can be written in the form of:
where g i1 e 1j and g i2 e 2j are PCl and PC2 scores for genotype i and environment j, respectively. In a biplot, genotype i is displayed as a point defined by all g i values, and environment j is displayed as a point defined by all e j values.
All biplots presented in this paper were generated using the software Genstat, version 17.
Results and discussion
The yield capacity of the varieties varied both across environmental conditions, suggesting influence of the environmental factor "genotype-environment", and between genotypes within each environment, demonstrating genotypic dependence ( Table 2) .
The analysis of variance showed that the effects of genotype (G), environment (E) and their interaction (G × E) on grain yield were statistically significant (P ≤ 0.01) ( Table 3 ). The ANOVA for grain yield revealed that environment, genotype, and GE interaction effects accounted for 88.05, 3.61 and 7.54 % of the total sum of squares, respectively. The E portion in METs is known to be the largest among all sources of variation, but it is regarded as irrelevant for genotype evaluation (Yan, Kang, 2003) . This is the reason that E is removed from the phenotypic data observed, which helps concentrate on G and GE effects, which are relevant for genotype evaluation (Yan, Kang, 2003; Fan et al., 2007) . % SST -percentage relative to the sum of squares total; ** -significant at the 1% level of probability
The GGE biplot was constructed using the first two principal components (PC1 and PC2) derived from subjecting the data to singular-value decomposition. The GGE biplot graphically displays G plus GE of the MET data in a way that facilitates visual variety evaluation and mega-environment identification (Yan, 2002; Yan et al., 2007; Yan, 2014) . Only two PC (PC1 and PC2) are retained in the model because such a model tends to be the best model for extracting patterns. Via this model, PC1 and PC2 can be readily displayed in a two dimensional biplot so that the interaction between each genotype and each environment can be visualized.
The first two principal components obtained by singular value decomposition of the centred data of grain yield accounted for 88.50% of the total variability caused by G + GE. Out of these variations, PC1 and PC2 accounted for 51.38% and 37.12% of variability, respectively.
The GGE biplot analysis was used for estimation of discriminating power and representativeness of an environment as a test one for assessing genotypes. GGE biplot allows visualizing environment vectors lengths, which are proportional to standard deviations of genotype yields in a corresponding environment (Fig. 1) . If the marker of a test environment is close to the biplot centre, i.e. has a short vector, all genotypes in it are similar, and this environment is not informative about their differentiation. Thus, environments Е1 and Е2 with long vectors had a high discriminating power, and environment E4 was characterized by a low discriminating power.
The cosine of the angle between environment vectors is used for assessment of approximation between them: the smaller the angle between environment vectors is the larger correlation between them is (Yan, Holland, 2010) . Correspondingly, there is a strong correlation between environments E1 and E3.
The GGE biplot way of measuring representativeness of environments is to define an average environment and use it as a reference for comparison. A test environment with a small angle to average environment coordinate (АЕС) is the most representative related to the other test environments. The "ideal" environment (indicated by circle with an arrow pointing into it in Figure 2 ) is the most discriminating of genotypes and yet representative of the other test environments. Thus, in our studies environment Е1 was the most desirable for estimating genotypes.
The "which-won-where" polygon view of a GGE biplot is an effective way to visualize the interaction patterns between genotype and environment (Fig. 3) . The polygon vertices are genotype markers that are maximally remote from the biplot centre. The lines dividing the biplot into sectors represent a set of hypothetical environments. If a genotype at an angular vertex of the polygon falls within one sector with an environment marker (or with several markers), that means that the yield capacity of this genotype was the highest in this particular environment. Another important feature of this biplot is that it indicates environmental groupings, which suggests the possible existence of different mega-environments. Thus, in our studies the first mega-environment consists of environments Е1, Е3 and Е4 with variety 'Donetskyy 15' (G8) producing the highest yield. The environment Е2 makes up another mega-environment, where variety 'Vzirets' (G1) is the most yielding. The GGE biplot ranks genotypes by their mean yield capacity and stability in a number of environments (Fig. 4) . The average tester coordinates (ATC) x-axis or the performance line passes through the biplot origin with an arrow indicating the positive end of the axis and ranks genotypes according to their performance. The ATC y-axis or the stability axis passes through the biplot origin is perpendicular to the ATC x-axis. The mean yield capacity of genotypes is estimated by the projections of their markers to the ATC x-axis. Varieties 'Stepovyk' (G16) and 'Donetskyy 14' (G7) had the highest mean yield, and variety 'Etyket' (G9) -the lowest mean yield. The yields in varieties 'Inklyuziv' (G11) and 'Vzirets' (G1) had the most variable, while varieties 'Modern' (G14), 'Vektor' (G4) and 'Kozvan' (G12) were noticeable for their high stability.
An "ideal" genotype is one that has both high mean yield capacity and high stability. The centre of concentric circles (Fig. 5) represents the position of an "ideal" genotype, which is defined by a projection onto the mean-environment axis that equals the longest vector of the genotypes that had above-average mean yields and by a zero projection onto the perpendicular line (zero variability across all environments). The closer a genotype to the ideal one is the more valuable it is. Although such an "ideal" genotype may not exist in reality, it can be used as a reference for genotype evaluation (Yan, Tinker, 2006) .
The ranking based on the genotype-focused scaling assumes that stability and mean yield are equally important. Thus, variety 'Stepovyk' (G16), which is close to the centre of concentric circles, was an "ideal" genotype in terms of yield capacity and stability compared with the other genotypes. Varieties 'Donetskyy 14' (G7), 'Kosar' (G13) and 'Alegro' (G3) located in the next concentric circle are also regarded as valuable genotypes in terms of yield capacity and stability.
Conclusions
1. The study revealed that spring barley yield was highly influenced by variable cultivation environments followed by the differences among genotypic effects, and genotype by environment interaction (G × E) contributing the least. This study also clearly demonstrated that the GGE biplot model was effective for the determination of the magnitude and pattern of G × E effect and visualizing the yield potential and stability of spring barley genotypes as well as discriminating ability and representativeness of the test environments. 
